Abstract. Antigenic variation in Plasmodium falciparum erythrocyte membrane protein 1, caused by a switch in transcription of the encoding var gene, is an important feature of malaria. In this study, we quantified the relative abundance of var gene transcripts present in P. falciparum parasite clones using real-time reverse transcriptionpolymerase chain reaction (RT-PCR) and conventional RT-PCR combined with cloning and sequencing, with the aim of directly comparing the results obtained. When there was sufficient abundance of RNA for the real-time RT-PCR assay to be operating within the region of good reproducibility, RT-PCR and real-time RT-PCR tended to identify the same dominant transcript, although some transcript-specific issues were identified. When there were differences in the estimated relative amounts of minor transcripts, the RT-PCR assay tended to produce higher estimates than real-time RT-PCR. These results provide valuable information comparing RT-PCR and real-time RT-PCR analysis of samples with small quantities of RNA as might be expected in the analysis of field or clinical samples.
INTRODUCTION
Improving our understanding of the biology of the Plasmodium falciparum parasite is of extreme importance if we are to combat human malaria. This parasite uses the process of antigenic variation to expose the human immune system to continually changing antigens on the surface of infected red blood cells. While the parasite's ability to change expressed antigens such as P. falciparum erythrocyte membrane protein 1 (PfEMP1) is thought to be a key survival strategy of the parasite, 1 it has also been hypothesized that antigenic variation plays a role in slowing the selection of de novo drug resistance parasites, 2 and the development of clinical immunity. [3] [4] [5] Furthermore, some of the severe complications of falciparum malaria such as cerebral and placental malaria have been linked to parasite sequestration mediated by PfEMP1. 6 While studying the process of antigenic variation in P. falciparum is of key interest, it is fraught with technical issues, not the least of which is the changing parasite transcriptome and small quantities of PfEMP1 expressed on the infected red blood cells (RBCs). 7 For the last decade, the composition of mRNA has been primarily assessed by cloning the products of an reverse transcription-polymerase chain reaction (RT-PCR) reaction into a bacterial plasmid vector and transforming the ligated plasmid into bacteria to provide a small library representing the repertoire of transcripts present. [8] [9] [10] [11] This technique measures the transcript composition of the PCR reaction end products, as opposed to the composition of the starting material. The advent of real-time PCR has overcome this problem by allowing the transcript composition of samples to be assessed during amplification. Although this is a technically superior method for quantitating specific mRNA, there are several practical problems that may limit its widespread use in assessing var gene (the gene encoding PfEMP1) transcription.
First, knowledge of the var gene repertoire of the specific parasite genome is required to develop specific primers. The studies that have used real-time PCR to analyze various aspects of var gene transcription generally used the 3D7 parasite line (or its parent NF54), for which the complete genome is known. [12] [13] [14] Other laboratory lines such as ItG have also been used after the sequences of the var genes were determined. 15 Analysis of field samples using this method is not possible without prior knowledge of the var gene repertoire, and with each parasite isolate likely to have a different set of var genes, 16 this approach will require a major sequencing effort before the analysis can start. Second, the amount of material required to conduct a real-time RT-PCR experiment using a full set of primers representing the whole var gene repertoire exceeds that required for conventional RT-PCR followed by cloning and sequencing. Previous studies have overcome this problem by culturing ex vivo samples in the laboratory for ∼30 days to increase the amount of parasite material.
14 However, this approach does not take into account the switching parasite population; it is well documented that ∼1-2% of parasites change their gene expression in each replication cycle. 7, 17 Because antigenic variation is thought to play a role in immunity, pathology, and drug resistance, it is going to become increasing important to be able to study the process using field samples. Currently this is not feasible using realtime RT-PCR, although this method is theoretically technically superior to other PCR techniques. Hence it has become necessary to assess and compare the results obtained using different techniques for quantitating mRNA to add perspective to the results of future laboratory and field studies.
The primary aim of this study was to compare the results of RT-PCR combined with cloning and sequencing and realtime RT-PCR conducted on the same sample materials. The results indicate that the number of amplification cycles required for the number of fluorescence labeled amplicons to exceed background levels (C T value) in real-time RT-PCR experiments can be used as an indicator of the likelihood of observing specific amplicons in a sample and that RT-PCR tended to overestimate the quantity of minor types compared with real-time RT-PCR.
MATERIALS AND METHODS
Sample material and clonal cultures. P. falciparum parasites (3D7 strain) from stored patient samples 9 were thawed and immediately plated onto 96-well plates at theoretical concentrations of 0.3 and 1 infected erythrocytes per well to generate clonal populations. Culture media (100 L) containing 10% human serum and fresh uninfected erythrocytes at 5% hematocrit was added to each well. The culture media was changed on days 4 and 8. On Day 12 (six parasite replication cycles), the clonal cultures containing parasites, as identified by standard PCR using 5 L of the culture, 18 were resuspended, and 50% of the original contents were transferred to RNase-free tubes and frozen at −80°C. The remaining material was cultured to Day 16 (eight parasite replication cycles), at which time 50% was removed and stored as above. Parasites harvested on days 12 and 16 were predominantly ringstage. A random selection of the stored clones was used in this study. The estimated number of parasites in each of the Day 12 and 16 samples were 7,800 and 97,000, respectively. Informed consent was obtained from the volunteers and ethics approval for the use of patient samples was granted by the Queensland Institute of Medical Research (QIMR) Human Research Ethics Committee.
RNA and DNA extraction. Total RNA was extracted from each of the selected clones using the NucleoSpin RNAII Kit (Macherey-Nagel, Duren, Germany) following the manufacturer's instructions. A second elution step was included to maximize yield. All samples were treated with DNase and tested as previously described to ensure no DNA was present. 9 DNA from cultured 3D7 was extracted using standard methods and used as a control template to assess primer bias in the real-time PCR assay.
RT-PCR, vector cloning, and sequencing of AFBR fragments. The universal primers, ␣AF [GCACG(A/C)AG-TTTGC] and ␣BR [GCCCATTC(G/C)TCGAACCA] 8 were used to amplify a segment of the highly conserved DBL1␣ region of the var gene using the SuperScript One Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA) under the following conditions: 42°C for 30 minutes, 94°C for 2 minutes, followed by 40 cycles of 93°C for 30 seconds, 42°C for 50 seconds, and 72°C for 1 minute. The products amplified using the above-described primers were termed AFBR fragments and were inserted into PCRScript (Stratagene, La Jolla, CA) according to the manufacturer's instructions. Typically between 40 and 50 insertcontaining bacterial colonies were selected, grown, amplified, purified, and sequenced from each parasite clone. AFBR fragment sequences were identified and named by alignment with previously described fragments of the DBL␣ region of P. falciparum 3D7 var genes, 8, 9 and the frequency of each transcript within the clone sample was noted.
Real-time RT-PCR and PCR. Purified RNA was reverse transcribed using SuperScript III Reverse Transcriptase (Invitrogen) and primed with random hexamer primers according to the manufacturer's instructions. Serial dilutions covering a 100-fold range of 3D7 genomic DNA were prepared and used as references. In each experiment, all primers tested on the clone's cDNA were also tested on the 3D7 DNA dilution series. For real-time analysis, previously published 12 and newly designed var gene specific primers were used (Tables 1  and 2 ). The housekeeping gene seryl-tRNA synthetase (PF07-0073), shown to be transcribed stably throughout different erythrocytic stages, 19 was used as an endogenous control (normalizer). A previously reported primer set (forward: AAGTAGCAGGTCATCGTGGTT; reverse: TTCGGCAC-ATTCTTCCATAA) was used to amplify the seryl-tRNA synthetase (s-tRNA syn) gene. 12 Real-time RT-PCR and PCR was performed using a MX4000 (Stratagene), and all samples and controls were run in triplicate. The amount of cDNA added to each real time reaction for clones harvested on Day 12 was calculated to be equivalent to that from ∼40 parasites. The Absolute QPCR SYBR Green Mix (Abgene, Surrey, UK) was used according to manufacturer's instructions under the following cycling conditions: 95°C, 15 minutes followed by 40 cycles of 94°C, 30 seconds; 53°C, 40 seconds; and 68°C, 50 seconds. For real-time RT-PCR, var gene-specific primers tested on each of the parasite clones were selected based on the AFBR transcripts observed in the RT-PCR results. A dissociation curve thermal profile (from 53°C with 1°C increments for 41 cycles) was included after the amplification cycles. All samples showing primer dimer formation or spurious, non-specific peaks, as indicated by the dissociation curve, were excluded from the analysis. Analysis of RT-PCR data. RNA transcripts identified in each of the clones were analyzed, and the relative quantity of each var variant was estimated as the number of sequences for the specified variant divided by the total number of sequences. These proportions were expressed relative to the dominant variant in the sample (proportion of var variant x/proportion of dominant var variant).
Because the relative proportion of each variant in a clone is not independent of other variant proportions in the same clone, standard statistical methods to estimate confidence intervals (CIs) of the relative proportion could not be used. Instead, Markov chain Monte Carlo (MCMC) simulation was performed using the WinBUGS package (Version 1.4; Imperial College and MRC, London, UK). The ratio of each variant to the dominant variant in a sample was simulated assuming a multinomial distribution for the number of sequences of each variant, and non-informative prior distributions for the probability of selecting a bacterial colony corresponding to the variant. The model was fit to the RT-PCR sequence frequency data and the 2.5 and 97.5 percentiles for the ratio of variants was determined from 5,000 simulations after a run-in in period of 1,000 simulations. These 2.5 and 97.5 percentiles are referred to as the 95% CIs for the relative proportion of a variant.
Data analysis of real-time RT-PCR and PCR output. The average C T value of each triplicate from the RNA experiments was calculated, and the number of positive wells per triplicate was noted. These data were sorted by C T value and grouped into one-cycle intervals. Results from the DNA control experiments were treated in an identical manner. The SD of C T values and the detection frequency was calculated for each C T group. Detection frequency was given by (∑positive wells)/(3 × number of samples in the C T group).
To account for potential differences in the performance of individual primer pairs, the specific var primers and the primer set for the endogenous control gene, s-tRNA syn, were tested using serial dilutions of 3D7 DNA as a template. All var primer pairs except for two were specific for one var gene within the 3D7 genome. Hence, the "primer bias" for a specific primer set could be assessed by comparing the C T value for a specific var variant to that of s-tRNA syn:
where p i is the primer bias for primer set i, ct i is the C T value for primer i on a DNA template, and ct s-tRNA syn is the C T value for the s-tRNA syn primer on the same DNA template. To overcome any inter-experimental variation, amplification of each specific primer pair on 3D7 DNA was repeated at least three times and always run in triplicate. The average "primer bias" was calculated from these replicates. Two primer sets were able to bind two var genes each (PFL1970w/ PFL1955w and PFD0995c/PFD1000c), so their primer bias was adjusted to −(ln[2 −pi /2])/ln(2). The amplification efficiencies of the s-tRNA syn and specific var primer sets were compared by calculating p i for several DNA concentrations and plotting log(p i ) against DNA concentration. A simple linear regression model was fitted. The amplification efficiencies for the specific primer set and the s-tRNA syn primer set were considered to be similar if the slope of the regression line was not significantly different from zero at P ‫ס‬ 0.05. 20 The amount of each variant in the sample was expressed relative to the amount of the endogenous reference gene, s-tRNA syn (equations 1 and 2). The total quantity of var transcript detected in the sample was estimated by summing f i,c across all transcripts tested for in a sample.
where c T,i is the mean C T value for the triplicates of var variant i on an RNA template, c T,s-tRNAsyn is the mean C T value for the triplicates of the s-tRNA syn on an RNA template, p i is the primer bias for variant i, and f i,c is the amount of transcript i relative to the control gene. The amount of each variant in the sample relative to the dominant variant was also calculated (equation 3), along with corresponding CIs (equations 4 and 5). CIs were calculated using standard statistical methods for the difference between means. Gene names in parentheses refer to previously assigned name.
where i is the variant of interest, j is the dominant variant, and f i,d is the amount of transcript i relative to the dominant transcript.
lower bound of 95% CI = 2 
Using RT-PCR results to predict real-time RT-PCR outcomes.
The samples used in this study, although derived from clonal parasite cultures, continue to undergo antigenic variation. As a consequence, a sample is likely to contain subpopulations, the largest of which is the dominant var transcript, with numerous minor populations transcribing different variants. To estimate if the real-time PCR was likely to detect these minor populations, the expected C T value for each variant within a parasite sample was calculated based on the C T value of the dominant transcript, the primer bias of the specific primers, and the expected difference in transcript frequencies (from conventional RT-PCR results; equation 6).
where y i is the expected C T value for transcript i in the realtime RT-PCR assay and r i is the relative frequency of transcript i compared with the dominant transcript in the RT-PCR results.
RESULTS
A total of 12 clonal parasite populations were analyzed in this study. Seven of these clones had RNA extracted from parasites harvested on Days 12 and 16, whereas the remaining five clones only had extracted RNA from the Day 12 harvest. This provided a total of 19 samples. Samples are identified by an arbitrarily assigned clone number and the day of parasite harvest (i.e., 2_12 indicates RNA from clone 2 on Day 12).
Primer bias and amplification efficiencies for real-time PCR. This study involved the use of 39 different primer sets: 1 for s-tRNA syn and 38 specific ones for individual members of the var multi-gene family. For the 38 specific primers, the mean primer bias compared with the s-tRNA syn was 0.08 cycles with interquartile range of −1.27 to −0.17 cycles. Twenty-three primers (61%) had an absolute primer bias of less than one cycle, whereas six (16%) had a bias of greater than two cycles. All primers with a bias of greater than two cycles had a positive primer bias (i.e., performed less well than s-tRNA syn).
The amplification efficiencies of 17 randomly selected specific var primer sets were compared with that of the s-tRNA syn primer. The remaining specific primers were not tested because limited results were available across the different DNA concentrations. Sixteen primers showed approximately equal amplification efficiencies with s-tRNA syn (P > 0.05; data not shown). One set of primers did not show equal efficiencies over the entire DNA range having reduced efficiency at the lowest DNA concentration, a concentration typically lower than that of the RNA samples.
Detection frequency and reproducibility of real-time RT-PCR and PCR. During this study, 414 and 123 C T values were obtained from DNA and RNA samples, respectively. The observed C T values ranged from 26.3 to 40.0 cycles for DNA samples and 28.5 to 40.0 cycles for RNA samples (Figure 1) . The patterns in detection frequency and reproducibility were similar for the DNA and RNA samples. The detection frequency (number of wells yielding a product/number of test wells) was consistently high for C T values < 32.5, but de- creased rapidly for C T values > 37.5 cycles. Based on the average detection frequency, samples with C T values > 37.5 would be expected to return at least one negative result per triplicate.
The mean SD of each triplicate ( Figure 1 ) was used to assess the reproducibility of the real-time RT-PCR. Only samples having at least two positive wells per triplicate were included in this analysis. A gradual increase in the SD of triplicates was observed with increasing C T value; however, the range of values dramatically increased for C T values > 33.5, indicating decreased reproducibility.
Predicting real-time RT-PCR outcomes. By calculating the expected C T value for minor transcripts in the real-time RT-PCR assay, 17 variants in 12 samples (including multiple testing of some samples) were identified as having expected C T values within the region of decreased real-time RT-PCR detection sensitivity (Table 3 ). The majority (83%) of these samples were from parasites harvested at Day 12 of culturing. Of these 17 variants, 14 were not seen in the corresponding real-time experiment (Table 3) .
Comparison of RT-PCR and real-time RT-PCR results.
The relative amounts of transcripts within samples were estimated separately using the RT-PCR results and real-time RT-PCR results. A total of 861 insert containing bacterial colonies from the 19 samples were sequenced to give the results for the RT-PCR.
The total quantity of var transcripts detected in each sample, relative to s-tRNA syn transcription, ranged from 0.2 to 14.8, with a mean of 4.1 ± 3.4 (SD) (Figure 2 ). Two clones (10_12 and 12_12) appeared to have a small relative quantity of var transcript compared with the other clones used in this study ( Figure 2 ) and other studies conducted in the laboratory (data not shown). In 11 of the 19 (58%) samples tested, the number of transcripts detected using the real-time assay was less than that obtained from the RT-PCR ( Figure 2) ; a total of 18 transcripts were not detected in these 11 samples.
In 79% (15/19) of samples tested, the variant identified as being dominant in the RT-PCR was also dominant in the real-time assay. Details of the samples where differences in the dominant transcript were detected are contained in Table  4 . These samples are excluded from the following analysis.
For those transcripts detected using both techniques, the relative amount of each variant within a sample compared with the dominant variant (as identified in the conventional RT-PCR experiment) was calculated for each sample, and the values obtained using the real-time RT-PCR and conventional RT-PCR were compared (supplemental data). Fortysix percent (17/37) of comparisons indicated that the real-time RT-PCR and conventional RT-PCR produced similar estimates. Of the comparisons where differences were identified, 
DISCUSSION
This study used two PCR methods to detect and measure the relative quantities of var gene transcripts present in a set of samples from freshly cloned P. falciparum parasite cultures. The study provided an ideal opportunity to assess the reproducibility and detection frequency of real-time RT-PCR, an important issue for quantification of samples with low DNA or RNA levels. Although our harvested clone on Day 12 contained ∼7,000 parasites per sample, only 0.56% of the extracted RNA was added to each real-time RT-PCR well, resulting in high C T values. A decrease in the detection frequency of samples was observed for C T values > 37.5 cycles, whereas C T values > 33.5 cycles were identified as having decreased reproducibility. These values were independent of whether DNA or RNA was being tested and are in good agreement with those previously reported using the LightCycler assay system. 21 The use of real-time RT-PCR to assess the relative quantities of different var transcripts within samples necessitated developing a way to compare transcripts amplified using different specific primers. To address any potential differences in primer performance, repeated real-time amplification of a 3D7 DNA dilution series was performed. The majority of var genes in the 3D7 genome are present as single copies, as is the housekeeping gene seryl-tRNA synthetase, 22 meaning each gene will be present in equal quantities in the prepared DNA standards. Differences in the C T values obtained on amplification of the DNA were assumed to be related to primer performance (efficiency in annealing to templates and extension, etc.) and were termed "primer bias." The majority of primers showed little primer bias; however, several primers showed dramatically decreased C T values compared with the internal control. Ideally these primers should be redesigned.
The small quantity of RNA able to be extracted from the parasites and used in this study meant that only a sub-set of var transcripts could be tested for in the real-time assay. This presents a limitation of the study. Selection of the var primers used in the real-time assay was based on the assumption that the major transcripts would be correctly identified by the RT-PCR assay. This was not always the case, with a change in dominant transcript noted in four samples (21%). In each of these four samples, AFBR28 (MAL6P1.1) was the dominant transcript in the RT-PCR system, but either AFBR40 or AFBRNTA was dominant in the real-time assay. One possible explanation for the discrepancy is that the universal primers used in the RT-PCR assay have a reduced affinity for AFBR40 and AFBRNTA when AFBR28 is present above a certain level in the population. In a previous study of primer bias, 8 the AFBRNTA transcript was not observed in 140 individual ␣AF/␣BR inserts obtained from 3D7 P. falciparum genomic DNA, suggesting a possible bias against PCR amplification of this transcript.
The total quantity of var transcript measured in the realtime assay, relative to the endogenous control, was used as an indicator of whether the primers used in the assay represented the majority of transcripts in the sample. There was considerable variability in the estimated total var production between clones. This may be caused by differences in the overall production of var transcripts by the parasite or by our limited testing for different transcripts. Two clones (10_12 and 12_12) had noticeably lower estimates of total var than the other clones. Interestingly, these two clones were both identified as having AFBR28 dominant in the RT-PCR results. Of our 19 samples, 6 were identified as having AFBR28 dominant in the RT-PCR system. The results of the real-time analysis revealed that four of the six AFBR28 dominant samples had a change in dominant type, whereas the remaining two had the lowest estimate of total var transcription, indicating that one or more major transcripts may not have been detected in these samples. Notably, the two transcripts identified as dominant by the real-time assay (AFBR40 and AFBRNTA) in another clone were not detected by RT-PCR in clones 10_12 and 12_12 and were consequently not tested for in the real-time analysis.
Before this study, we hypothesized that quantifying transcript frequency using conventional RT-PCR amplification followed by cloning and sequencing may over-estimate the frequency of minor transcripts. This was primarily based on the assumption that dominant transcripts become abundant and would plateau earlier in the PCR process, whereas the minor transcripts, although not abundant early in the amplification process, could, after 40 cycles, also peak and plateau. Our comparison of transcript quantification by RT-PCR and real-time RT-PCR indicated that, while there was little difference in the estimates obtained in 46% of cases, where differences were apparent, there was a propensity for estimates obtained from the real-time system to be lower than those of the corresponding RT-PCR, supporting the hypothesis. The real-time RT-PCR assay was better able to rank the prevalence of transcripts compared with the RT-PCR assay caused by the C T values being continuous variables compared with the discrete count data on which the RT-PCR results are based. The failure of the real-time PCR assay to detect transcripts in some samples was most probably caused by the C T value being below the limits of detection for the real-time PCR assay caused by the relatively low abundance of the transcript.
The results of this study have shown that when there is sufficient abundance of RNA transcripts for the real-time RT-PCR assay to be operating within the region of good reproducibility, RT-PCR and real-time RT-PCR tended to produce similar results in relation to determining major transcripts. Discrepancies in identifying the major transcript are most probably caused by primer issues that can now, with hindsight, be resolved. Estimates of the prevalence of minor transcripts were either similar or over-predicted by the conventional RT-PCR system. This is an important consideration when research into antigenic variation spans both laboratory and field studies, particularly when real-time RT-PCR is not currently a practical option for the analysis of field samples. Although this study focuses on the var gene family in P. falciparum, other organisms also use antigenic variation. In some organisms such as trypanosomes, the process is well characterized and understood; however, in others, such as Anaplasma phagoctophilum, 23 Giardia lamblia, 24 G. muris, 25 and Campylobacter fetus, 26 the process is still under study. As time passes, it is likely that more organisms will be identified as pathogens using antigenic variation as a survival strategy. This being the case, the results of this study will provide valuable baseline information on methodological issues associated with low abundance samples. 
